We study the Lepton number violating like-sign dilepton processes h 1 h 2 → l ± l ′± jjX and h 1 h 2 → l ± l ′± W ± X, mediated by heavy GeV scale Majorana neutrinos. We focus on the resonantly enhanced contributions with a nearly on-mass-shell Majorana neutrino in the s-channel.
I. INTRODUCTION
At present there are no doubts that neutrinos are massive particles mixing with each other. Moreover, according to the neutrino oscillation experiments, their masses are extremely small while mixing is nearly maximal. In this respect neutrinos drastically defer from all other known particles, and this difference represents one of the pressing problems for theory. The famous see-saw mechanism showed the way to possible solutions of this problem via introduction of very heavy Majorana particles mixed with ordinary neutrinos, bringing in the observable mass hierarchy between the light neutrinos and other fermions.
These heavy particles could be heavy Majorana neutrinos, as in the original formulation of see-saw, or other new particles such as neutralinos, heavy Majorana particles mixing with neutrinos in the framework of SUSY models with R-parity violation. The new heavy particles may lead to observable effects beyond the light neutrino sector, since they could manifest themselves indirectly via their virtual contribution to processes involving ordinary particles.
If the masses of some of these new particles are not extremely large, lying within the reach of the running of forthcoming experiments, they can be searched for directly among the products of colliding particles.
Here we consider an extended see-saw scenario, including n species of SM singlet righthanded neutrinos ν 
= − 1 2 (
Here M L , M R are 3 × 3 and n × n symmetric Majorana mass matrices, and M D is a 3 × n Dirac type matrix. Rotating the neutrino mass matrix to the diagonal form by a unitary transformation
we end up with 3 + n Majorana neutrinos with masses m v 1 , · · · , m v 3+n . In this scenario the light neutrinos have the mass scale M 2 D /M R , and as a result there should be also heavy Majorana neutrinos (N) with mass scale M R . Due to the fact that Majorana neutrinos are also their anti-neutrinos, they can produce lepton number (L) violation by two units. One of the decisive processes for probing the Majorana nature of neutrinos is neutrinoless double beta (0νββ) decay which has been extensively studied in the literature [1, 2] . Majorana neutrinos may also resonantly contribute to meson [3] and τ decays [4] .
Another potential process to look for Majorana neutrinos is like-sign dilepton production [5, 6, 7, 8] . In this paper we give a detailed analysis of like-sign dilepton production processes, evaluating the cross section of
The existing very stringent constraint from 0νββ experiments on the inverse effective mass U 2 eN /M N of a heavy Majorana neutrino N is frequently treated as the limit, which makes unrealistic the experimental observation of the above processes with e ± e ± pair in the final state. However, we note that CP-violating Majorana phases, if present in the neutrino mixing matrix elements U eα , are able to significantly soften or even completely evade the 0νββ-constraints on the e ± e ± -process production. We point out that this can be true even in the presence of only one heavy Majorana neutrino, due to the interference of heavy-light neutrino contribution to 0νββ-decay.
The paper is organized as follows. In the next section we present our approach to calculation of the cross sections of the h 1 h 2 → l ± l ′± jjX and h 1 h 2 → l ± l ′± W ∓ X processes. In Sec.
III we calculate the decay width of the heavy Majorana neutrino entering in the above cross sections. Sec. IV is devoted to a discussion of the existing limits on the parameters of heavy Majorana neutrino and their impact on the prospects for searches for like-sign dileptons at
Tevatron and LHC. Here we comment on implications of the 0νββ-decay constraints and CP-violation in the neutrino sector and discuss the possibility of extracting the heavy-light neutrino mixing matrix elements U eN , U µN , U τ N in a model independent way.
II. THEORETICAL FRAMEWORK
The processes we study are like-sign dilepton inclusive production in high energy pp or pp collisions (a) resonant and (b) non-resonsnt Majorana neutrino contributions to
In the diagrams we indicate the momenta of the corresponding particles.
where jj and X denotes two quark jets and undetected hadronic states. The two leptons l and l ′ can have the same or different lepton flavors. In these processes the total lepton number L is violated in two units ∆L = 2. If one assumes the existence of a Majorana neutrino N, the process can be realized through the diagrams shown in Fig. 1 . We focus on the resonantly enhanced diagram Fig. 1(a) with the nearly on mass-shell neutrino in the kinematical region of the studied processes.
In the diagram Fig. 1(a) there is a W boson in the final state, which decays to hadron or lepton states. Here we will consider the situation in which W − decays to two quark jets, as shown in Fig. 1a . According to the factorization theorem, we can express the cross section of the process as
here q a/h 1 (x a ) andq b/h 2 (x b ) denote the densities of partons inside each hadron, and dσ qaq b →l + l ′+ q kql is the differential cross section of the partonic subprocess
which has the form
4 The next step is to calculate the amplitude squared |M| 2 , which can be written as (8) with the tensors having the following forms:
The contraction of the above two tensors yields
We have checked that the interference term gives a very small contribution compared to the first term in (11) , and therefore we ignore it in the following calculations. The 4-body phase space in Eq. (7) can be rewritten as
where P W = q 1 + q 2 denotes the momentum of the final virtual W boson. In the c.m. frame of q 1 and q 2 , the two body phase space can be expressed as
where dΩ = d cos θ 1 dφ 1 is the solid angle of q 1 , and the form of λ(P
and the four-body phase space in Eq. (12) is reduced to a three-body phase space.
As shown in Fig. 2 , it is convenient to use the following Lorentz invariants in order to express the kinematical variables:
With the above invariant variables, we can apply the phase space transformation given in
Ref. [9] to rewrite the cross section given in Eq. (5) as
whith a = 2G
, and
where
The phase space can be constrained to the physical region by the following inequalities for the Gram determinants . As we will show in the next section, Γ N ≪ m N for m N in range we are studying in the present paper. Therefore, the cross section can be written
To arrive at the above equation we have used the identity: in the final state. Therefore we also give the formula to calculate the cross section of the
and
III. NEUTRINO DECAY WIDTH
As shown in Eq. (20) and (22), the cross sections of the process h 1 h 2 → l + l ′+ X, and 
We approximate the semi-leptonic decays by inclusive quark-antiquark pair production. In such an approach [4] based on the Bloom-Gilman duality [10] the total decay width of the heavy Neutrino N to hadrons is reproduced in average with an accuracy sufficient for our estimates. One of the advantages of this approach is that it does not require knowledge of meson masses M M and decay constants F M necessary for the calculation of N → lM partial widths which then are summed up in order to derive the total decay width of heavy neutrino N in the channel-by-channel approach [6] . For heavy mesons these parameters are purely known and may introduce a significant uncertainty.
The leading order decay rates for the channels listed in (24) can be found for the leptonic and semileptonic decays in Refs. [4, 6, 8] and [4] respectively. We summarize the corresponding formulas neglecting lepton and quark masses. In this approximation the partial decay widths of Majorana neutrino in the region
In Eq. (28) we neglected the small charged current cb contribution. Here g Therefore, in the case m N ≤ M W , the total decay rate is
The factor 2 in the first two terms is due to Majorana nature of heavy neutrino N which can decay into two non-equivalent charge conjugate final states. For m N > M W the total decay of heavy neutrino is determined by the decay channels:
The corresponding partial widths of Majorana neutrino are given by [6, 11] :
In the same way we can write the total decay width of a Majorana neutrino at
The above formulas we use in our analysis of the like-sign dilepton production. Numeri 
IV. LIMITS ON HEAVY MAJORANA NEUTRINO SECTOR
The remaining ingredient, which determines in the most crucial way the event rate of the like-sign dilepton production, is the heavy Majorana neutrino masses and their mixing with ν e , ν µ , ν τ . In the literature there are various limits on M N and U αN for α = e, µ, τ , extracted from direct experimental searches [12] for these particles in a wide region of masses, from the non-observation of lepton number violating decays, as well as from precision measurements of certain observable quantities [13] . In the present context we are interested in these limits for the mass range M N ≥ 1GeV. From the global fit of the electroweak precision measurements, including LEP data, it was found [13] :
The LEP data on direct searches of heavy leptons [14] shows that
where l = e, µ, τ .
Neutrinoless double beta decay (0νββ) is known to be a sensitive probe of Majorana neutrino masses and mixing. Presently the best the experimental lower bound [15] on the 0νββ-decay half life was obtained for 76 Ge:
In Ref. [2] this bound was used to constrain the contribution of Majorana neutrinos of arbitrary mass. In a good approximation this constrain reads:
with q 0 = 105 MeV. Here α k denotes the Majorana CP-phase of the Majorana neutrino state ν k of mass m νk . For the light-heavy neutrino scenario one has: more than one heavy neutrino state N k , with different CP phases α N , then different terms in the first sum of (41) may compensate each other, reducing the individual 0νββ-constrain on each of them. Note that even with the presence of only one heavy neutrino there may happen the above mentioned compensation between the heavy N and the three light neutrinos ν i , since they all coherently contribute to 0νββ-decay. Thus searching for like-sign dielectron (positron) events may provide evidence for CP violation in the neutrino sector. In case of observation of these events at a rate larger than that stemming from the 0νββ-limit applied to each term in (41), this would point to CP-violation in the neutrino sector.
With this in mind we have calculated the maximum of the p + p(p) → e ± e ± jjX and p + p(p) → e ± e ± W ∓ X cross sections at the Tevatron and LHC, consistent with the 0νββ-limit (41), assuming no CP violation in the neutrino sector. The results are shown by the thick lines in Figs 3 and 4 . In the calculation we used the limits
For comparison, we also give the cross section calculated with the assumption |U τ N | 2 ∼ With the same constraints (42) we calculated bounds on In Tables. I and II The numbers given in these tables, except for the like-sign µµ-production, do not take into account event selection cuts necessary to suppress the background and which may also dramatically affect theoretical predictions for the signal. In the present paper we do not address this issue. In order to evaluate an impact of the experimental cuts on our results
we use the results of the recent analysis [5, 6] of the like-sign µµ selection criteria for the case of the LHC and TEVATRON experiments. In Ref. [5] there were found sets of the cuts which permit efficient suppression of the background and confident selection of µ ± µ ± -signal. In Tables I and II we indicate in brackets the number of µ ± µ ± -events after applying these cuts for the LHC and Tevatron experiments. As seen from these tables, the regions where there is still a chance to observe µ ± µ ± -production with statistical significance are 20GeV ≤ m N ≤ 70GeV for LHC and 20GeV ≤ m N ≤ 50GeV for Tevatron. As to the other lepton flavors there exist in the literature studies (see, e.g. Refs. [7, 8] ) of the corresponding selection cuts, although not so detailed as in Ref. [6] . Unfortunately the effect of these cuts on our results cannot be directly recognized and requires a special analysis to be done elsewhere. Roughly, according to Refs. [7, 8] , the cuts reduce the like-sign dilepton event events with τ 's since they involve missing momentum. In this respect it is worth mentioning a method for reconstructing τ -momenta on the basis of the analysis of the isolated charged tracks from τ -decays proposed in Ref. [6] . The authors have argued their method to be a promising basis for future searches for like-sign dileptons with one or two τ 's. Table. I, but for pp → l ± l ± jjX at the Tevatron (2 fb −1 data).
V. SUMMARY AND CONCLUSIONS
We have studied like-sign ∆L = 2 dilepton inclusive production mediated by heavy Majorana neutrinos. We focussed on the dominant mechanism via resonant Majorana neutrino production. We applied the existing limits on heavy Majorana neutrino mass m N and its mixing with active flavors ν e , ν µ , ν τ , in order to predict maximal like-sign dilepton produc- Tables I, II have been obtained assuming no CP-violation in the neutrino sector.
As seen from Tables I and II , we expect no good prospects for observation of like-sign ee events from the studied reactions neither at the Tevatron, with 2 fb −1 integrated luminosity, nor at the LHC, with an integrated luminosity of 10 fb −1 . This is a direct consequence of very stringent 0νββ-decay limits. With an increasing integrated luminosity 100 fb −1 at the LHC, the like-sign ee production can reach a few events in the region 20 GeV ≤ m N ≤ 60 GeV.
For the p + p(p) → e ± e ± W ∓ X process, in which a real W boson is detected 100 fb −1 data at the LHC are sufficient for discovering Majorana neutrino through like-sign ee production.
One of the messages of the present paper is that despite of these discouraging predictions the like-sign ee events are worth searching for both at Tevatron and LHC. The point is that
any observation of such events in these experiments would point to the CP-violation in the neutrino sector, as explained in sec. IV.
Like-sign dilepton production for other flavors at the LHC and Tevatron have better prospects. In the case of µ ± µ ± production, where we were able to estimate the ef- (22), can be obtained in the following way [9] . The fourth order Gram determinant has the form ∆ 4 (P W , l 2 , k a , k b ) = 
